Daily distribution of the aerosol optical thickness and columnar mass concentration will be derived over the continents, from the EOS moderate resolution imaging spectroradiometer (MODIS) using dark land targets. Dark land covers are mainly vegetated areas and dark soils observed in the red and blue channels; therefore the method will be limited to the moist parts of the continents (excluding water and ice cover). After the launch of MODIS the distribution of elevated aerosol concentrations, for example, biomass burning in the tropics or urban industrial aerosol in the midlatitudes, will be continuously monitored. The algorithm takes advantage of the MODIS wide spectral range and high spatial resolution and the strong spectral dependence of the aerosol opacity for most aerosol types that result in low optical thickness in the mid-IR (2.1 and 3.8 pm). The main steps of the algorithm are (1) identification of dark pixels in the mid-IR; (2) estimation of their reflectance at 0.47 and 0.66 pm; and (3) derivation of the optical thickness and mass concentration of the accumulation mode from the detected radiance. To differentiate between dust and aerosol dominated by accumulation mode particles, for example, smoke or sulfates, ratios of the aerosol path radiance at 0.47 and 0.66 pm are used. New dynamic aerosol models for biomass burning aerosol, dust and aerosol from industrial/urban origin, are used to determine the aerosol optical properties used in the algorithm. The error in the retrieved aerosol optical thicknesses, r,, is expected to be AT, = 0.05 5 0.27,. Daily values are stored on a resolution of 10 X 10 pixels (1 km nadir resolution). Weighted and gridded 8-day and monthly composites of the optical thickness, the aerosol mass concentration and spectral radiative forcing are generated for selected scattering angles to increase the accuracy. The daily aerosol information over land and oceans [Tunr& et al., this issue], combined with continuous aerosol remote sensing from the ground, will be used to study aerosol climatology, to monitor the sources and sinks of specific aerosol types, and to study the interaction of aerosol with water vapor and clouds and their radiative forcing of climate. The aerosol information will also be used for atmospheric corrections of remotely sensed surface reflectance. In this paper, examples of applications and validations are provided.
Introduction
Daily remote sensing of aerosol from satellites over the land and ocean is essential to obtain the global aerosol budget to estimate the contribution of anthropogenic emission to the aerosol budget and to the aerosol radiative forcing of climate [Charlson et al., 1992; Penner et al., 1992; Andreae, 19951 . Because of the short lifetime of aerosol particles [Charlson et al., 19921 and the corresponding strong spatial variations in the aerosol concentration, ground-based stations cannot assess trends in the global aerosol budget. They are, though, essential in measuring the physical and optical properties of the vertical column of the ambient aerosol [Nakajima ' Shiobara et al., 1991; Holben et al., 1996; Kaufman and Holben, 19961 . Our strategy of global characterization of aerosol distribution and properties is therefore based on a synergy of satellite analysis of aerosol spatial distribution (optical thickness and mass) over land and ocean and continuous ground-based remote sensing and in situ measurements of aerosol [Prosper0 and Nees, 19861 from stations distributed over locations that can characterize the properties of aerosol from a variety of ecosystems.
The ground-based measurements should validate the satellite remote sensing, add detailed size distribution of the ambient aerosol, used together with the satellite data to monitor the single-scattering albedo [Kaufman, 1987; Wang and Gordon, 19931 and vertical structure (from lidars).
The need for routine monitoring of aerosol is due to the mounting evidence of the importance of aerosol radiative forcing of climate by reflecting sunlight back to space [Joseph, 1984; Tanrk et al., 1984; Coaklq and Cess, 1985; Charlson et al., 1992; Penner et al., 1992; Kiehl et al., 19931 and its effect on cloud microphysics and albedo [Twomey et al., 1984; Coakley et al., 1987; Kaufman and Nakajima, 19931. Uncertainty in modeling this forcing is considered one of the largest uncertainties in modeling climate change [Hansen and Lacis, 1990 ; Intergov-emmental Panel on Climate Change (IPCC), 199.51. The aerosol forcing is opposite in magnitude to the forcing by greenhouse gases and also has a different spatial distribution and diurnal cycle, thus together generating a complex climatic impact [Karl et al., 19951 . The inclusion of a careful estimate of the sulfate aerosol radiative forcing in climate models resulted in a better fit to the global distribution of measured temperature change [Santer et al., 19961 , which busts our confidence in climate models to predict the warming from greenhouse gases. While industrial/urban aerosol and biomass burning smoke were considered as the main anthropogenic sources of aerosol, recently attention was directed also toward dust originating from changes in land use as a major source of man-induced atmospheric aerosol [Prosper0 and Nees, 1986; Tegen et al., 1996; Li et al., 1996; Andreae. 1996; Sokolik and Toon, 19961. Aerosol particles also have an important impact on many biogeochemical processes by serving as the surfaces for speeding chemical reactions. Biomass burning is an important source of organic particles, while the arid and semiarid regions are sources of mineral dust [Prospero, 1981; @e, 19871 . Aerosol particles also play an important role in tropospheric chemistry by serving as the liquid phase that stimulates chemical reactions [&&en, 1983; Taylor et al., 19831. To fully understand these processes, the aerosol characteristics (spatial and vertical concentration, temporal evolution, size distribution, composition, and optical properties) have to be determined at a global scale. Only an orchestrated approach based on routine analysis of satellite data acquired over land and ocean, together with detailed aerosol characterization derived from ground-based stations with remote sensing and in situ instrumentation, can supply such needed information.
Several satellite sensors, planned to be launched in the next several years, are designed to meet these demands (i.e., to measure global distribution of aerosol concentration and properties) using the spectral, angular, or polarization properties of solar radiation that interacted with the aerosol. The use of spectral properties Prins and Menzel, 19941 , which is complementary to the polar orbiting satellites. A review of methods for remote sensing of aerosol and their radiative forcing is given by Kaufman [1995] , and a collection of papers on this subject can be found in this issue.
Present satellite measurements are limited to reflectance measurements in one channel from geostationary satellite (e.g., GOES or Meteosat) [Fraser et al., 19841 or two channels from polar orbiters (e.g., AVHRR-NOAA) [ Kau@an et al., 1990a; Durkee et al., 19911 . Algorithms for retrieving the aerosol component assume an aerosol model for deriving the aerosol optical thickness, which is dependent on the total aerosol content. The aerosol model used is taken from literature as the most representative one of the local conditions [IX&i&y, 1978; Shettle and Fenn, 1979 ; D'Almeida et al., 19911. Such methods have been successfully applied over water [Griggs, 1975 [Griggs, , 1979 Mekler et al., 1977; Koepke and Quenzel, 19791 to produce an   operational  product  from NOAA-AVHRR  measurements  [Rae Ignatov et al., 19951 . Most of the remote sensing studies have been devoted to Saharan dust [Fraser, 1976; Carlson, 1979; Norton et al., 1980; Dulac et al., 1992; Jankowiak and Tanrk, 19921 . Over the land, so far there has been no real attempt to retrieve aerosol at a global scale. That is because the measured signal is a composite of reflection of sunlight by the variable surface cover and backscattering by the semitransparent aerosol layer, which makes remote sensing of aerosol difficult. Uncertainty and variability in the aerosol size distribution and corresponding scattering phase function generates major errors in the derived aerosol optical thickness [Kaufman and Sendra, 1988, hereinafter referred to as KS88]. Uncertainty in the aerosol absorption properties can introduce additional error but mainly for higher surface reflectance [Fraser and Kaufman, 19851 . An example of variability of the aerosol size is the process that governs sulfate particles. In this process, the sulfate particles are formed by oxidation of SO, mainly on existing particles directly, or via cloud processes [Langner et al., 1992; Kaufman and Tanrt!, 19941, which results in the size of the particles to strongly depend on the relative concentrations of the aerosol particles and SO,. Despite these difficulties, aerosol should be routinely sensed over the land, not only because most sources of anthropogenic aerosol or its precursor are located over the land but also because it is the place where a big part of the radiative forcing is concentrated [Kiehl and Briegleb, 1993; Jones et al., 19941 and significant climate signal expected [Karl et al., 19951. The present approach for remote sensing of aerosol over the land from EOS-MODIS is based on detection of aerosol over dark surface covers [Fraser et al., 1984; Fraser and Kaufman, 1985; KS88] . Therefore the algorithm will be applied mainly to the moist parts of the continents. Though it is a serious limitation, these are also the regions where a large part of the human activity takes place. Radiative forcing by aerosol is stronger for low surface albedo; therefore it is important that the algorithm be able to report aerosol loading and forcing over the vegetated parts of the continents, in addition to the oceans [Tanrg et al., this issue]. The use of contrasts for highly reflective surface to determine aerosol optical thickness [Tanrk et al., 19881 is planned to be introduced into the procedure in a later stage.
Remote Sensing Approach

Basic Strategy
Remote sensing of aerosol stems from the relationship between the measured radiance at the top of the atmosphere p* (given in apparent reflectance units, p* = nLIFOpO, where L is the radiance at the top of the atmosphere, F, is the extraterrestrial solar flux, and p0 is the cosine of the solar zenith angle) and the surface bidirectional reflectance properties P(& e,, 6):
where 0 is the view zenith angle, (3, is the solar zenith angle, and 4 is the azimuth of the scattered radiation from the solar beam; p, ( 8, Bo, 4) is the path radiance, Fd( 0,) is the normalized downward total flux for zero surface reflectance, equivalent to the total downward transmission.
Its value is less than 1.0 due to aerosol and molecular absorption and back-scattering of sunlight to space. T( 0) is the upward total transmission into the direction of the satellite field of view; s is the atmospheric backscattering ratio and p' is the surface reflectance averaged on the view and illumination angles. The bidirectional reflectance properties of p are approximated here by the direct value of the surface reflectance for the illumination and viewing directions and are considered as Lambertian. The error resulting from this approximation is small for dark surfaces used to derive the aerosol path radiance and optical thickness [ Lee and Kaufman, 19861. In the single-scattering approximation used here for illustration of the physical processes involved, the path radiance is proportional to the aerosol optical thickness T,, the aerosol scattering phase function P,( 0, B,,, $), and single-scattering albedo wO: de b, 4) = P,@, eo, 4) + ~0~25(e, eo, 4M4 P 4
(2)
where p,(B, B,,, 4) is the path radiance due to molecular scattering, p and p0 are cosines of the view and illumination directions, respectively. The functions F,, T, and s are also dependent on oO, r,, and P,, though for small surface reflectance they are less important. However, in order to derive the aerosol optical thickness from the measured radiance, an aerosol model that provides values of w, and P, for specific conditions is required.
The contribution to p* from the path radiance is larger for shorter wavelengths and for low values of the surface reflectance (e.g., p 5 0.06; see Figure 1 ). Therefore the errors in deriving the aerosol optical thickness are expected to be smaller in these conditions. Errors due to uncertainty in the aerosol absorption, given by the single-scattering albedo w,, are also smaller for low surface reflectance. Thus it is appropriate to use the darkest pixels in the image to estimate the aerosol optical thickness (or loading) and its effect on remote sensing. Independent of surface reflectance, the derivation of optical thickness from the path radiance is also affected by uncertainty in the scattering phase function, which will be discussed later. Many land covers such as vegetation and soils that are dark in the red (0.60-0.68 pm) and blue (0.4-0.48 pm) spectral regions are most suitable for this application. However, in order to use (1) to estimate accurately the path radiance (p,) and the optical thickness, the surface reflectance of these dark pixels have to be estimated within a small uncertainty of Ap = to.005 to ? 0.01.
The strategy for remote sensing of aerosol over land from EOS-MODIS is thus based on the following physical principles:
1. Except for dust, the aerosol effect on the radiance measured from space decreases with wavelength as A-' to A-' [Kaufman, 19931. Therefore the effect is much smaller in the mid-IR than in the visible.
2. The radiative effect of aerosol includes backscattering and absorption of the direct sunlight and sunlight reflected from the surface. For dark surfaces the scattering effect dominates, while for brighter surfaces, the effect is mixed. Therefore the aerosol radiative effect is strongest for low surface reflectance. Remote sensing of aerosol using dark targets can be best done for surface reflectance p 5 0.06. In this paper, we describe a method to find the surface covers that have this low reflectance in selected wavelengths.
3. The surface reflectance across the solar spectrum is correlated to some extent. Soils usually have an increasing reflectance as a function of the wavelength with correlation between Figure 1 . Radiance L at the top of the Earth-atmosphere system (in reflectance units) minus the surface reflectance p for nadir observation as a function of the surface reflectance. The total aerosol optical thickness 7, and the single-scattering albedo w0 are indicated for each line. The solar zenith angle is 40" and the wavelength is at 0.61 pm. Power law size distribution was used with v = 3. Note that the atmospheric effect is zero for an empty atmosphere (Lp = 0)) and the aerosol effect is zero for the dotted line (pure molecular scattering). For surface reflectance under a given critical value (p,) the aerosol effect is positive (p, = 0.25 for o0 = 0.96), and above this value the effect is negative [after Fraser and Kaufman, 19851. the reflectances slowly decreasing with an increase of the wavelength span. Parallel processes affect the reflectance in the 0.47 and 0.66 pm channels and in the 2.1 and 3.8 pm channels. The presence of vegetation decreases the reflectivity in the visible channels due to chlorophyll absorption and in the mid-IR channels due to absorption by liquid water associated with the plant. Wet soil has a lower reflectance in the visible channels due to light-trapping capability and in the 2.1 and 3.8 pm channels due to liquid water absorption.
Surface roughness, shadows, and inclinations decrease the reflectance across the whole solar spectrum [ Kaufman and Remer, 19941. On the basis of these principles the basic approach for operational, unsupervised remote sensing of aerosol can be designed as follows: (1) determination of the presence of the dark pixels in the blue (0.47 pm) and red (0.66 pm) channels using their remotely sensed reflectance in the mid-IR channels (2.1 and 3.8 pm); (2) estimation of the surface reflectance of the dark pixels in the red and blue channels using the measurements in the mid-IR; (3) determination of the aerosol type using information on the global aerosol distribution [d' Almeida et al., 1991; Hao and Liu, 1994; Husar et al., this issue] and the ratio between the aerosol path radiance in the red and blue channels; (4) selection of the appropriate dynamical aerosol model [Remer et al., 19961 , which describes the aerosol size distribution, refractive index, single-scattering albedo, and effect of nonsphericity on the phase function; the models are derived from analysis of ground-based remote sensing of the ambient column aerosol size distribution and in situ measurements; (5) inversion of the measured radiance at satellite level into the aerosol optical thickness, volume (or mass) concentration, and spectral radiative forcing using radiative transfer [Gao et al., 19931 . The solid line is for the spectral surface reflectance in the presence of a clean atmosphere, while the dashed and dotted lines are for observations of a nearby surface through thin smoke originated from a wildfire (more smoke for the dashed line spectrum). The smoke has a large effect in the visible part of the spectrum, decreasing with wavelength from the blue to the red region. The effect is smaller than variation in the surface high reflectance in the near IR and is also negligible in the mid-IR (2.2 pm) due to the large ratio of the wavelength of radiation to the size of particles. lookup tables computed for the dynamical aerosol models [e.g., Fraser et al., 19921. In the following we describe this approach and its physical bases.
Use of Dark Targets
The first application of dark targets for aerosol retrieval was based on detection of green forests as the dark pixels using the normalized difference vegetation index (NDVI) and the near-IR reflectance (KS88). Dark vegetation was determined by high NDVI and low reflectance in the near IR. For these pixels the surface reflectance in the red channel is assumed as p = 0.02 ? 0.01 and used to derive the aerosol optical thickness. Application of the technique to Landsat multispectral scanner (MSS) data over the mid-Atlantic region of the United States showed a very good agreement against Sun photometer measurements (KS88). To derive the optical thickness from the path radiance, the aerosol size distribution, singlescattering albedo, and refractive index have to be assumed. Spherical and homogeneous particles need also to be assumed in order to use the Mie theory in the calculation, unless nonsphericity is identified [Kahn et al., this issue] and modeled [Mshchenko and Travis, 1994; Nakajima et al., 19891. Sensitiv- ity studies showed that in a general case, these assumptions can generate substantial errors in the derived aerosol optical thickness (-30%).
To reduce the errors, a good model of aerosol properties based on measurements is required. In some regions where the model is most applicable, we can expect the remote sensing procedure to be more accurate. This was the case in the application of the method of KS88 to the mid-Atlantic region where the aerosol model was better known. KS88 applied the derived aerosol optical thickness for atmospheric corrections of remote sensing of the surface reflectance and noticed that since the same assumptions are used in the derivation of the optical thickness from the path radiance and in the process of atmospheric correction, a large part of the errors in the aerosol model canceled out. This reduction in errors may occur also in the determination of the aerosol direct radiative forcing, which is closely linked to the path radiance used to derive the optical thickness. These topics are discussed later in the paper.
The determination of dark pixels using the vegetation index is not well suited for global applications since the vegetation index itself is affected by the aerosol, a feedback circle that causes the method to be applied only to images for which it is known a priori that dense vegetation pixels are present in the image. An alternative technique is suggested to locate the dark pixels using longer wavelengths (2.1 or 3.7 pm) that are less sensitive to aerosol scattering (since their wavelength is much longer than the size of most aerosol particles) but still sensitive enough to the surface characteristics.
Such wavelengths have been successfully used to find pixels that are dark in the visible channels Kaufman and Remer, 1994; Kaufman et al., 19971 .
Figure 2 demonstrates
the spectral properties of vegetation and the effect of smoke aerosol as a function of wavelength. In this figure, spectral radiances from the AVIRIS aircraft spectral imager over dry grassland in California are plotted. The solid line is for the spectral surface reflectance in the presence of a clean atmosphere.
The dashed and dotted lines are for observations of a nearby surface through thin smoke from a smoldering section of a wildfire, with more smoke in the dashed line spectrum. Smoke has a large effect in the visible part of the spectrum, decreasing in magnitude with wavelength from the blue to the red region, In the near-IR the effect is smaller than the variations in the surface reflectance between the smoke free area and the area affected by smoke. The smoke effect is not observable in the mid-IR (2.2 pm) due to the large ratio of the wavelength of radiation to the size of particles.
Analysis of advanced very high resolution radiometer (AVHRR) images over eastern United States and over Brazil shows that the AVHRR 3.7 pm channel, similar to the MODIS 3.8 wrn channel, is not sensitive to the presence of pollution aerosol or smoke [Kaufman et al., 1990b; Kaufman and Remer, 19941 but is very sensitive to the presence of forest pixels and can be used for their determination.
The apparent reflectance in the 3.7 pm AVHRR channel is well correlated with the reflectance at 0.64 pm (see Figure 3 ), though the ratios between the surface reflectance at 3.7 Frn and 0.64 wrn change from day to day. Note that in order to use the reflective part of the 3.7 pm channel it has to be corrected for thermal emission and for absorption by water vapor The application to MODIS should be significantly improved because of better instrument characterization and the availability of total precipitable water vapor information. Figure 4 shows examples of the relationships between the surface reflectance at 2.1 pm and that at 0.47 pm and 0.64 pm derived from Landsat thematic mapper (TM) and airborne visible and infrared imaging spectrometer (AVIRIS) images over the mid-Atlantic United States. The reflectances were
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corrected for the atmospheric effects based on ground-based measurements of the aerosol optical thickness. The images analyzed included forested area and crop land, as well as exposed soil, residential area, and water. The data were averaged for the specific surface types shown in Figure 5 . The uncertainty in the estimate of surface reflectance in the visible channels from the 2.1 pm channel reflectance is kO.005 to kO.01 in the red and blue channels, respectively, for dark targets with reflectance at 2.1 pm <O.lO. The measurements conducted in drier regions, San Diego, California, and in Brazil also show similar relationships between the reflectance in the blue, red, and 2.1 pm channels, but with the blue and red reflectances lowered by lo-20% from the predicted values as using the ratios in Figure 5 . This issue is currently under intensive study to find how it can be applied globally and in which conditions it may fail (e.g., snow or water).
Since a MODIS nearby channel of 3.8 pm, located around 4.0 Frn, is not sensitive to water vapor absorption, it prompted us to test if this channel is better for this application. Comparisons between the 3.8 and the 4.0 Frn channels include results from errors due to atmospheric absorption and emission and errors due to uncertainty in the surface emissivity. The 4.0 pm channel is sensitive to N, absorption, which is about as strong as the water absorption at the MODIS 3.8 pm channel for a standard atmospheric model (vertical transmission of 90% due to H,O at 3.8 pm and 88% due to N, at 4.0 pm). Although N, absorption does not vary substantially and is well known, its emission, however, depends more on the temperature profile, in regard to the retrieval of surface reflectance.
On the other hand, the 3.8 pm channel is more affected by the water vapor absorption.
Sensitivity study shows that the effect of uncertainty in the vertical temperature profile on the error in the derived surface reflectance at 4.0 pm is only about lo%, while Figure 3 . Scatter diagrams of the relationship between the apparent surface reflectance in the red (0.64 pm) and the mid-IR (3.7 pm) advanced very high resolution radiometer (AVHRR) channels (after Kaufman and Remer [1994] 01994 IEEE).
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0.12 II I ,1,1,,,,,,,,,,,,,,,,,,,,, However, because of the longer wavelength and the reduced solar brightness, the fraction of reflected sunlight at 4.0 pm is only 60% of that at 3.8 pm for the same surface reflectance. Since the reflectance at 3.8 or 4.0 pm is computed after correction for the emission by the atmosphere and surface using the 11 pm channel, the lower fraction of reflected light will double the errors associated to uncertainty in the surface emissivity at 11 pm. The uncertainty in emissivity at 11 pm of AE 2 0.02, as found, generates a 25% error in the surface reflectance at 3.8 pm (for p3.8 = 0.025) [Kaufman and Remer, 19941 and up to twice as large errors at 4.0 Frn due to the smaller fraction of the reflected sunlight. This source of error is larger than the error due to uncertainty in atmospheric absorption.
It therefore can be concluded that the 3.8 pm channel is better for the application of aerosol remote sensing.
Global Remote Sensing of Aerosol
The following procedure for global remote sensing of aerosol is emerging for the multispectral EOS-MODIS radiometer. The MODIS channels that are used in the analysis are the 250 m resolution 0.66 pm channel, the 500 m resolution 0.47 pm and 2.1 pm channels, and the 1 km resolution 3.8 and 11 Frn channels. The 11 pm window channel is used to correct the 3.8 pm channel for emission from the surface. In addition, water vapor absorption channels around 0.94 pm and the 9.6 pm ozone channel are adopted for the correction of total precipitable water vapor and ozone absorption.
Stratospheric aerosol effect will be estimated by using the MODIS 1.37 pm channel [Gao and Kaufman, 199.51 . Cloud mask (or snow mask) is important in determining the cloud and snow (or ice) free pixels, which need also to be included. The automatic procedure to derive global distribution of aerosol optical thickness, mass concentration, and radiative forcing in cloud (or snow, ice) free regions is as follows:
Step 1 Selection of dark pixels and determination of their surface reflectance.
The selection of the pixels in the MODIS image which are used to derive the aerosol optical thickness follows our experience with the 3.8 pm and 2.1 pm reflectances and their relationship to reflectance in the visible channels. The technique prioritizes the criteria in order to minimize the residual error in the predicted surface reflectance and, consequently, in the derived optical thickness. It may be biased by the broader experience with application of the 3.8 pm channel than the 2.1 wrn channel for predicting the surface reflectance in the red channel and for remote sensing of aerosol [H&en et al., 1992; Kaufman and Remer, 1994; Vermote et al., this issue; Kaufman and Tanrk, 1996; Kaufman et al., 1997; Y. J. Kaufman and R. S. Fraser, manuscript in preparation, 19971 . We found that the highest accuracy in predicting the surface reflectance in the red and blue channels is for pixels that do not represent water and have a very low reflectance at 2.1 pm. When reflectance is larger than 0.05, the uncertainty in the relationship between the reflectance at 2.1 and 0.66 or 0.47 pm makes the 3.8 pm channel more attractive, despite the need to correct for surface emission. If the surface is not dark enough both at 2.1 and at 3.8 pm, the derivation of aerosol is still possible, but with lower expected accuracy due to higher (surface) reflectance at 2. 1 pm [Kaufman et al., 19971 .
For a grid box of 10 X 10 pixels of 1 km resolution at nadir, and correspondingly higher number of 500 and 250 m pixels, the number of the dark pixels N,; that have an apparent mid-IR reflectance p * hi less than a threshold pk' is determined on the basis of the following priority of criteria (the surface reflectance pi is indicated for each case):
Priority 1 The criteria are used only over land surfaces excluding water, clouds, ice, and snow. The first criterion in this list that represents more than 5% of the pixels in the grid box is chosen to derive the optical thickness, though the results of lower priorities are also stored. The quality of the derivation is expected to decrease with the priority rank. The thresholds and surface reflectances determined are based on Figures 3-5. We do not use pixels with reflectance at 2.1 pm, &, larger than 0.15, since the relationship between the reflectance in the visible channels and the 2.1 pm channel is significantly more chaotic for & > 0.15 in some regions [Kaufman et al., 19971. The division into three segments of &, is based on the assumption (which is based on measurements of surface properties) that there is a higher probability for a larger absolute error obtained from a larger value of the surface reflectance. It is not clear how the 3.8 pm threshold relates to the 2.1 pm low threshold, since we did not yet have simultaneous remote sensing data in both channels to compare between them. We chose the 2.1 pm channel threshold as the first priority, because of the dependence of the 3.8 pm criterion on correction for the emissive part, in the presence of water vapor absorption.
Step 2 Preliminary derivation of the optical thickness.
In the first stage, it is not clear which aerosol model should be used. Therefore the optical thickness is first derived in the red and blue channels from p:, and pii using a continental aerosol model [ Lenoble and Brogrziez, 19841 . The parameters are given in Table 1 . The derived optical thickness is expected to be affected from inaccuracies due to possible wrong choice of the scattering phase function and single-scattering albedo. The optical thickness is derived using a lookup table that relates a Lambertian surface reflectance to the measured radiance as a function of the optical thickness and the viewing and illumination geometry [e.g., Fraser et al., 1984 [e.g., Fraser et al., , 1992 Kaufman et al., 19901 . The values of P:, and pii used in retrieval of aerosol optical thickness are based on the average of lo-40 lowest percentile of the selected dark pixels within 10 X 10 km (at nadir), from which the standard deviation is also calculated.
Step 3
Determination of the aerosol model.
The aerosol model is determined using the value of the optical thickness from step 2 and the ratio of the aerosol single-scattering path radiance L,,* CL,* = T~P,o,) in the red and blue channels. The [1984] and for the dust model from Shettle [1984] . Parameters of the aerosol models of industrial/urban and smoke used in the remote sensing procedure are after Remer et al. [1996, this issue] , where the parameters are for a combination of lognormal size distributions given by the number distribution, or by the volume distribution: TFor biomass burning aerosol we use the same real and imaginary part of refractive index (i.e., 1.43-0.0035i) as industrial aerosol but allow for external mixing of graphitic carbon. This results in greater absorption and smaller wo. For the dust model, an aerosol of 2 km scale height was assumed to match the unit of V,,.
derivation of the aerosol single-scattering path radiance from the total measured radiance is performed by using the same continental aerosol model as used to determine the aerosol optical thickness. This apparently contradicting application is based on the assumption that multiple scattering does not vary significantly with the aerosol model due to a lower sensitivity to the shape of the phase function. For small optical thicknesses 7red < 0.15, since the surface may introduce larger errors, we do not expect to derive the spectral aerosol radiance with a I sufficient accuracy to determine the aerosol model. Th2(0) , then the nondust model (i.e., smoke or urban/industrial aerosol model) is selected on the basis of the geographic locations and seasons as described below. Between the two thresholds T,,(O) and T,Z2(0), an interpolation of the models is applied. Such interpolation will result in a model that includes accumulation mode due to smoke or industrial/urban pollution and a coarse mode from soil dust, which in essence is a type of continental model. The values of the threshold as a function of the scattering angle 0 are based on theoretical computations of the ratio between the two path radiances (see Figure 6 ), which are given by the following: (1) 0.72; (3) for 168" 5 0, it is not possible to distinguish between the aerosol types, and the phase function is not well predictable because of its strong dependence on size and shape of the particles. For the nondust, noncontinental model cases the separation between zones with smoke aerosol and industrial/urban aerosol are performed on the basis of geographic locations and seasons (see To be implemented into retrieval scheme, the cut into square boxes of latitude and longitude is necessary. However, it may Figure 6 . Ratio of the aerosol single-scattering path radiance L, in the red and blue channels as a function of the scattering angle. The ratio is plotted for the dust, smoke, and urban/ industrial model for two aerosol optical thicknesses. For dust background model, Shettle [1984] was used. For smoke from biomass burning and the urban/industrial aerosol the dynamic models [Remer et al., 19961 were used. The difference between the ratio for dust and nondust aerosol is used to distinguish between them. The gray zone is the separation zone between the dust and nondust algorithms.
show some types of aerosols that do not exist locally; for example, the dominant industrial/urban aerosol in Saudi Arabia and some parts of East Africa. Because of the bright desert surface, our algorithm cannot retrieve aerosol properties over those regions anyway with the present (automatic) procedures. For industrial/urban aerosol in Southeast Asia, in particular, more absorption is appropiate. Therefore w0 = 0.91 should be used as compared with w,, = 0.97 in North America and Europe [Liousse et al., 19961 . The Antarctic continent (>65"S) and the Arctic region (>70"N) are not considered in this study. To be more confident of the regions for different types of aerosols, it is currently being evaluated by using the Sulfate Cloud and Radiation (SCAR) database (see the aerosol model section) and any possible related information and will be certainly revaluated globally after the MODIS launch.
Step 4
Reconfiguration of the optical thickness.
When the aerosol model is determined, the optical thicknesses Tag,, and 7b,ue can be corrected for the difference between the newly determined aerosol model and the previously used continental model. Present correction is based on the aerosol singlescattering radiance L,, derived from the MODIS measured radiance. This radiance (see equation (2)), expressed by aerosol parameters from the continental model, is L PA = 7y'py"wy"/(41L ILo)
The same single-scattering path radiance can be now expressed by the parameters from the new model, which is
L,, = r:~wP:~wWywl(4~ /.LJ (4)
As a result, the aerosol optical thickness for the new model cw can be derived as follows:
As in step 3, the assumption behind this transformation is also that the differences between the phase functions and the single-scattering albedos do not affect the multiple scattering, but they do affect the single-scattering radiance. For high optical thickness, where multiple scattering is more important, we may expect errors in the single-scattering albedo to be more significant. Then new full radiative transfer lookup tables for the specific models will be used. The "new" values of P,,, and w,,, are derived from the dynamic models as discussed in the next section and given in Table 1 .
Step 5
Suhgrid calculations.
In some specific cases, for example, close to sources of smoke aerosol, the resolution of 10 x 10 km at nadir may be too crude to capture the strong spatial variability. If these sources are located in a region with the surface densely covered by dark targets, then a finer resolution is justified and possible. In the previous steps, the aerosol optical thickness T* and standard deviation a, were derived in the red and blue channels for the nominal resolution of 10 x 10 km at nadir. If the ratio of a,/~, > 0.5, then the variability of the aerosol is significant. If the number of dark targets, in the 500 m resolution, used in the analysis, N, is >30, then the grid box is separated into four smaller boxes of 5 X 5 pixels, and the analysis is redone for the average of lo-60 percentile, instead of 10-40. The averaged optical thicknesses in the two channels from each subbox are stored as an additional information in the data stream for the 10 X 10 km grid.
Aerosol Model
At a global scale, aerosol climatology was summarized by dillmeida et al. [1991] as an expansion of the work of Shettle [1991] , Hue and Liu [1994] , and Husar et al. [this issue] . Note that in this figure we do not attempt to separate dust from smoke or industrial/urban aerosol. Dust is distinguishable from smoke or industrial/urban aerosol in the algorithm based upon the spectral dependence of the path radiance.
and Fenn [1979] . They showed a compilation of a large amount of data and tabulated the dominant types of tropospheric aerosols as a function of the latitude, longitude, and the season. From the physical aerosol properties of refractive index and size distributions, they also computed the optical properties at the same spatial and temporal scales for extinction coefficient, single-scattering albedo, asymmetry factor, and phase function. Other studies were devoted to specific aerosols types: desert aerosols [d' Almeida, 1987; Shettle, 19843, maritime aerosols [Hopped et al., 19901, or aerosols resulting from biomass burning in tropical regions [Crutzen and Andreae, 1990; Kaufman et al., 19921 . Therefore the climatology established is based on the existing measurements, most of them taken at ground level. There is a danger that these measurements often do not represent the whole atmospheric column or the properties of the ambient aerosol. Hegg et al. [1995] showed recently, using the data derived from the Sulfate Cloud and Radiation experiment-Atlantic (SCAR A), that the aerosol size distribution varies with altitude in the Northeast United States. Optical measurements from ground-based Sun/sky radiometers [fir& man et al., 1994; Holben et al., 19961 are used to supplement the climatology with ambient aerosol measurements integrated on the whole column [ Remer et al., 19961 . These measurements are in good agreement with in situ measurements of the size distribution and the aerosol chemistry measured from aircraft [Hegg et al., 1995; Hobbs et al., 1996; Organization, can be used for correcting satellite images. However, a report from Fotgtzn et al. [1994] pointed out the shortcomings of BAPMON measurements for poor calibration of the instruments and the lack of monitoring of the data quality. The measurements with an improved Aerosol Robot Network (AERONET) of automatic Sun/sky radiometers conducted recently in the Amazon Basin during intense biomass burning [Holben et al., 19961;  in Africa during dust events and in the eastern United States in the presence of industrial and urban pollution [Kaufman and Holben, 19961 seems to be well suited to our needs. The instrument measures in addition to the solar direct flux (e.g., Sun photometry) also the sky and aureole radiance distribution. The information can be used to derive aerosol properties of the optical thickness, the size distribution from 0.10 to 5 pm, the aerosol total loading, and the scattering phase function King et al., 1978; Nakajima et al., 1986; Holben et al., 19961. In order to maintain high data quality the instruments transmit the data through satellite communication networks (GOES and Meteosat) in real time to a center where the data are analyzed. Because of the easy maintenance and central network communication capability, there are plans to expand aerosol measurements using such networks, as part of the international research and monitoring activities and as part of the support and validation of analysis of remote sensing from future satellite systems (the Earth Observing System, EOS of NASA, and POLDERiADEOS mission of Centre National d'Etudes Spatiales (France)/National Space Development Agency of Japan.
In the last 3 years, three AERONET deployments have been part of the SCAR series of field experiments.
The SCAR A experiment was conducted in the mid-Atlantic region of the United States in July 1993, measuring aerosol dominated by industrial/urban pollution. The SCAR C experiment in September-October 1994 was conducted in the northwestern United States to measure emissions from prescribed and wildfires in midlatitudes.
The SCAR B experiment in August-September 1995 in Brazil was targeted to deforestation and cerrado fires in the tropics during the dry season, with some data already collected from 1993. The aerosol size distributions that result from the AERONET deployments are shown in Figure 8 for the smoke aerosol (top graph) and for aerosol resultant from industrial/urban pollution (bottom graph). The SCAR database includes remote sensing measurements by the MODIS airborne simulator (MAS) and the AVIRIS spectral imager operated from the ER-2 aircraft flying at 20 km altitude, as well as in situ aerosol measurements taken by the instrumented C-131A aircraft of the University of Washington [e.g., Hobbs et al., 1996; Martins et al., 19961, and AERONET measurements of optical thickness and skylight. These data will be used later in the validation.
For the industrial/urban aerosol the model is based on 160 sky measurements collected during the SCAR A experiment, inverted into the aerosol volume size distribution, corrected for inversion problems [Remer et al., this issue] and analyzed as a function of the optical thickness [ Remer et al., 19961 . Similar analysis is performed for smoke from the cerrado region in Brazil in 1993. In general, four main modes of aerosol can be distinguished in this data set: 1. For particle radius r < 0.3 pm, the aerosol accumulation mode is composed of particles formed from condensation of hot organic gases from the fire or from oxidation of trace gases (e.g., sulfates, organic particles, nitrates) for the urban/ industrial aerosol. The volume of this mode increases with the optical thickness. The average size of the particles is Iixed for biomass burning but increase with optical thickness for the urban/industrial aerosol. In this case, the increase in optical thickness is associated with more stagnant conditions with older (bigger) particles and higher humidity (more liquid water in the particle). The stagnant conditions also allow more time for cloud interactions that increase the particle size [Hoppel et al., 1990; Kaufman and Tan&, 19941. 2. For particle radius 0.3 pm < r < 0.8 pm, the troposphere has few particles, and for the lower range of optical thickness the stratospheric aerosol volume distribution is seen [see also Shiobaru et al., 19911 . Note that the stratospheric mode is excluded in the calculation of singlescattering albedo, phase function, and in the retrieval of aero- Remer et al., 19961 . Four main modes of aerosol can be distinguished:
for particle radius r < 0.3 pm, accumulation mode of mostly organic smoke particles or sulfates in the urban/industrial aerosol; for 0.3 wrn < r < 0.8 pm, the troposphere has few particles and the stratospheric aerosol is observed; for 0.8 Frn < r < 2.5 pm, the maritime salt particle mode for the mid-Atlantic region only; for 2.5 pm < r, the coarse particle mode. sol properties in this paper. Instead, the correction for stratospheric aerosol is performed.
3. For particle radius 0.8 pm < r < 2.5 pm, the maritime salt particle mode is derived in the mid-Atlantic region only, with volume that also increases with the total aerosol optical thickness. No salt particles are observed in the middle of South America for the smoke aerosol.
4. For particle radius 2.5 pm < r, we have the coarse particle mode. For smoke aerosol these particles are also generated in the fire as ash or soil particles suspended in the air by the strong convection.
Thus for smoke the coarse mode is correlated with the accumulation mode and the optical thickness. For the industrial/urban aerosol the coarse mode has an independent source with a short lifetime and is not correlated with other particle modes.
The model parameters are summarized in Table 1 . They represent specific average conditions but include, in most cases, the average variation with the optical thickness. How-ever, in some particular conditions the aerosol properties may still vary. For example, Sokolik and Toon [1996] cite several models of dust aerosol with single-scattering albedo varying between 0.6 and 0.95 for h = 0.45 pm and 0.7-0.95 for A = 1 pm. Asymmetry parameter also varies in these models between 0.65 and 1.0. As they pointed out, it is not clear to what degree this variability is because of the difference between the measurements, or because of the difference in the dust properties. Though, for nondust conditions, measurements distributed around the world [Kaufman, 19931 show only a small variability of the path radiance for a given aerosol optical thickness (120%). The single-scattering albedos of smoke and industrial/urban aerosol tabulated in Table 1 are default values. Currently, a study is being conducted to derive a global map of W, using AERONET measurements and other in situ and remote measurements.
The single-scattering phase functions shown in Figure 9 are derived with parameters tabulated in Table 1 for different aerosol models. The continental model has a phase function value that varies intermediately between the different models. The smaller smoke particles result in phase function that for the backscattering angles is a factor of 2 larger than the phase function for the urban/industrial aerosol. The dust phase function varies as a function of scattering angle from values similar to the urban/industrial aerosol for scattering angles of loo"-130" to that of smoke around 160" and larger than both of them for scattering angles >160", though smaller variability is expected in the presence of non-spheric&y in the dust particles.
Uncertainty, Validation, and Quality Control
The main source of errors in the derived aerosol optical thickness is uncertainty in the surface reflectance and in the Figure 9 . Scattering phase functions at 0.67 pm for four aerosol models: continental model [Lenoble and Brogniez, 19841; desert dust model [Shetrle, 19841;  smoke model from biomass burning [Kaufman and Ho&en, 1996; Remer et al., 19961; urban/industrial aerosol model for measurements from Sulfate Cloud and Radiation (SCAR A) experiment [Remer et al., 19961 . The latest two models are given for two aerosol optical thicknesses but excluding the effects of stratospheric aerosol. aerosol model. From theoretical considerations [Kaufman and Sendra, 19881 and empirical verifications [Fraser et af., 1984; King et al., 1992; Soufjet et al., 19971 the error is expected to be AT = 20.05 to CO.1 for small optical thickness and increasing to 20-30% for high optical thickness. These errors are based on knowledge of the uncertainty of surface reflectance within Ap = ?0.005 for the first two priorities in selecting dark targets (see step l), and Ap = 50.01 for the other two, and on a choice of the right aerosol model that describes the range of the aerosol effective radius and single-scattering albedo, to result in an error in the product Pw, of 220% in most cases. Despite the large effort to characterize the spectral properties of surface reflectance [Kaufman et al., 19971 and the large-scale validation efforts performed (see also discussion later on), there may be still unexpected problems. One such problem is small amounts of snow remaining on the ground. As found, 1% of the pixel covered by snow may cause an overestimate of the optical thickness by 0.1. We plan to reduce the effect of this particular problem by avoiding analysis of the data the first week after the snow melted. Other problems that we shall try to address before launch and which may remain as problems in some regions are the values of the aerosol single-scattering albedo and refractive index.
After the launch of MODIS on EOS, a continued validation and modification of the algorithms is planned by using continuous measurements from the AERONET ground network of Sun photometers/sky radiometers and in situ measurements. We expect to have over 60 instruments operational worldwide. They will be located in regions with key aerosol types or in regions where the aerosol type is expected to vary. This includes islands where ground-based in situ aerosol chemical, physical, and optical properties are measured [e.g., Prosper0 and Nees, 19861 . The MODIS-derived aerosol optical thickness and type will be compared with aerosol information measured in these stations. Consistency checks will be performed to observe the possible dependence of the optical thickness on the viewing direction. In addition, the results will be compared with optical thickness generated by other instruments, such as the MISR multiangle instrument also on EOS and the POLDER instrument on ADEOS launched successfully in August 1996 [Brkon et al., this issue] . Both POLDER, flown before MODIS, and MISR, flown simultaneously with MODIS, will be differently sensitive to the aerosol signals. POLDER will be sensitive to aerosol polarization, and both sensors will be sensitive to the aerosol angular optical properties.
In particular, the MISR multiangle radiance measurements are planned to be used to estimate the aerosol nonsphericity [Kahn er al., this issue]. This information can be used to update the dust aerosol scattering phase function applied to specific geographic regions (e.g., Saharan dust, Gobi Desert dust) and used for time intervals for which the MODIS data are analyzed.
Application and validation of the remote sensing approach using the MODIS 2.1 pm channel to detect the dark pixels and determine their reflectance is shown in Figure 10 and Plate 1. In Figure 10 the aerosol optical thickness is derived from six Landsat TM and AVIRIS images collected during the SCAR A experiment and compared with aerosol optical thickness measured from the ground by the Sun photometer AERONET network. An example of a Landsat image and its analysis is shown in false color, representing the apparent reflectance of the Earth-atmosphere (top panels) and the derived optical thicknesses in the red and blue channels (bottom panels) in Plate 1. In the TM image, an elevated aerosol level accompa- Circles are for red channel (i.e., 0.66 pm) and triangles are for blue channel (0.47 pm). Open symbols are for continental model and closed symbols are for industrial/urban model. The Landsat and AVIRIS data were averaged before analysis to the MODIS resolutions. Results of using a continental model and in the final analysis using appropriate dynamical model are shown. The standard deviations derived are the temporal variability of the Sun photometer data around the Landsat pass and the spatial variability of the optical thickness derived from the TM data around the location of the Sun photometer.
The thin dashed lines are the range of the expected accuracy of kO.05 + 0.27 (with bias of 20.05 and an uncertainty in the slope of kO.2). Linear regression results are also provided (dotted-dashed lines).
nied by moisture and clouds is located in the top right and bottom part of the image. Excluding clouds, the corresponding higher optical thickness is derived. The images were averaged before analysis of the optical thickness to the MODIS resolution. It is an important step to simulate MODIS vision like observations. Both the results of analysis using the preliminary continental model and of the final analysis using the appropriate dynamical model are shown in Figure 10 . In Plate 1, only the final corrected optical thickness is shown. The resolution of the aerosol optical thickness in Plate 1 is 10 X 10 km resolution that will be produced by MODIS operationally.
One can see in The bottom panels are the corresponding aerosol optical thickness derived of 10 X 10 km resolution using the MODIS algorithm for the reduced resolution Landsat images. Figure 10 that the correction of the model is a significant improvement to the optical thickness, especially for high optical thickness. The standard deviations in Figure 10 are the temporal variability of the Sun photometer data around the Landsat overpass (abscissa) and the spatial variability of the optical thickness derived from the TM data around the locations of the Sun photometer (ordinate). The derived optical thickness using the dynamic aerosol models is within the expected range of uncertainties (AT, = TO.05 2 0.27,,). The improvement of the dynamic model is substantial. Note that the ratio between the surface reflectance in the red and blue channels and that in the mid-IR was derived mainly by using the data from SCAR A experiment. Also the dynamical aerosol model for industrial/urban aerosol was derived for SCAR A. Therefore the validation of Figure 10 was derived in the most favorable conditions. Comparison for independent cases is under way.
The The black pixels shown along the seashore are due to the deficiency of the ocean algorithm in coastal zones.
An application of the MODIS remote sensing technique to the South Atlantic region in Brazil and its validation is shown in Figure 6 of Vermote et al. [this issue] . They derived the aerosol optical thickness from the AVHRR data using dark targets identified with the 3.7 pm channel and a smoke aerosol model. The results compared against the AERONET measurements of the optical thickness (shown here in Figure 11 ) reveal a high correlation (with correlation coefficient equal to 0.93) between the remotely sensed values and the groundbased measurements.
The uncertainty in the derivation is within the stated uncertainties of the procedure 
Columnar Aerosol Mass, Aerosol Surface Area and Radiative Forcing
The aerosol optical thickness describes the aerosol optical opacity for direct penetration of solar radiation. It is used in radiative transfer models to calculate the aerosol direct radiative forcing and for atmospheric corrections. It can also be inverted into the aerosol mass. The inversion of the measured radiance (or path radiance, after exclusion of surface reflectance) to the aerosol optical thickness, the columnar aerosol mass concentration (we refer here to mass for a unit specific weight of the aerosol), particle surface area (important for chemical processes), and the radiative forcing requires assumptions on the aerosol models and, in particular, the aerosol size distribution and refractive index. For large particles, it is also influenced by the particle nonsphericity. However, the errors associated with the derivations of the optical thickness from the detected radiance and the derivation of the aerosol mass and radiative forcing from the optical thickness are neg- to the optical thickness (TV) are plotted as a function of the effective radius for three scattering angles (140", 150", and 180" indicated on the right-hand side of the figure) and three refractive indices (1.40, 1.45, and 1.50 indicated for most of the graphs). For a scattering angle of 150" the variation (values 0.13-0.24) with R,,., is minimal for effective radius from 0.1 to 1.5 pm, though for 140" scattering angle, semilinear figure (values varying 0.11-0.16) in a narrower radius range 0.15-0.7 pm radius is obtained. atively correlated. Therefore the total error in the final product (e.g., radiative forcing) is smaller than expected from the sum of the errors in each individual step. Boucher and Anderson [1995] developed this approach in the evaluation of the aerosol radiative forcing of climate. A similar approach is being developed for remote sensing of aerosols and their radiative forcing. The effect of uncertainty in the particle size on remote sensing may also depend on the scattering angle between the solar rays and the satellite observation [ Koepke and Quenzel, 1979; R. B. Husar, private communication, 19951 . Therefore some scattering angles may be preferential for some applications. Figures 12-14 are used to explore these ideas. In these figures, the ratios of the aerosol single-scattering path radiance to the aerosol optical thickness (Figure 12 ) to the aerosol mass concentration and particle surface area (Figure 13) , and to the aerosol radiative forcing for zero surface reflectance (Fig. 14) are plotted as a function of the aerosol effective radius of a lognormal distribution with a standard deviation (of the natural logarithm of the particle size) u = 0.6. The calculations are for three refractive indices (1.40, 1.45, and 1.50 with an imaginary part of 0.0035) and selected scattering angles that represent the optimum choice of the scattering angle.
For remote sensing of the accumulation mode aerosol (effective radius between 0.1 and 0.5 pm), the optimum derivation of the optical thickness is for scattering angles of 140" to 160" (depending on the possible range of the particle size), with an anticipated error due to uncertainty in the particle size and refractive index of ?20 to 540% (see Figure 12 ). Remote sensing of the columnar mass concentration is expected to be more accurate for the accumulation mode particles (effective radius ~0.5 pm) and is also best for a scattering angle of 120"-150" with uncertainty from particle size of ? 10 to ?30%, and 230% due to uncertainty in the refractive index ( Figure 13 shows the results for a scattering angle of 150'). The particle surface area can be sensed for the coarse mode with an error The refractive index is also indicated. For refractive index equal to 1.40, the dependence on Rcfr is found to be small between R,,, = 0.1 and 0.5 pm. For larger refractive index the dependence is significantly larger. The ratios of L,,,,,/M depend strongly on the refractive index. Therefore conversion of aerosol optical thickness to mass depends on reasonable knowledge of the refractive index.
of 30-50%, depending on the refractive index (about equal to the error in the optical thickness). The error introduced in remote sensing of the radiative forcing is only t20% for a scattering angle of 140" for particle sizes between 0.1 and 1.0 km radius (Figure 14 ). This higher accuracy in the direct forcing from MODIS, than the optical thickness, is an important finding. It is a result of the similar physics in the radiance measured from space above dark surfaces and the reflection by aerosol of the solar irradiance. Deriving the aerosol properties for a specific scattering angle will also result in a better precision, because of elimination of part of the variability in the uncertainty in the aerosol scattering phase function. The use of dynamic aerosol models, described before. is expected to reduce these errors further by limiting the effect of the uncertainty in the particle size. In order to use this error reduction associated with selecting specific viewing directions, we anticipate to group the aerosol products (optical thickness, mass concentration, and radiative forcing) for a resolution of 0.5" (in equal angle and equal area) and for periods of time of 8 days and 1 month. This is in addition to a direct 10 X 10 km resolution (at nadir) daily aerosol product. Both arithmetic averages and scattering angle weighted averages are planned. Information on winds generated by the global circulation models that are based on radiosonde measurements will be also stored and averaged by the weightings of aerosol concentration in order to derive the aerosol fluxes [e.g ., Fraser et al., 19841 . The spectral radiative forcing will be generated only for the reduced resolution. Because of large uncertainty in the singlescattering albedo o. we plan to record the aerosol radiative forcing for zero surface reflectance only, for which the radiative forcing is completely contributed by aerosol. For the orbital parameters from the EOS system and the scanning directions of MODIS, Figure 15 shows the coverage of the latitude zones for which a scattering angle of 150" can be derived as a function of the month. The scattering angles of 140"-150", as found, can be reached for the most important aerosol types, in the tropics for smoke all year-round and in summer months for urban/industrial aerosol in the northern hemisphere, up to a latitude of 40"N.
Conclusions
After the launch of MODIS sensors on the EOS satellites, daily or twice daily aerosol optical thickness will be operationally derived over the land (as well as over the ocean) and used to derive the aerosol columnar mass distribution and radiative forcing. Despite the difficulties to derive aerosol over the land, it is expected that using dark targets as identified by their reflectance in the mid-IR, the aerosol optical thickness TV can be sensed with an estimated error of hT, = 50.05 ? 0.27, over the vegetated and partially vegetated parts of the continents, the regions where a large part of the human activity takes place. Radiative forcing by aerosol is also stronger for low surface albedo (e.g., water and vegetation). Figure 14 . Effect of particle size on remote sensing of radiative forcing given by the ratio of the path radiance to the average radiative flux. For scattering angle of 140" (dashed lines), the dependence on the particle size is smaller than for 150" (solid lines). For particle size between 0.1 and 1 pm the ratio between the aerosol path radiance and the radiative flux varies around 0.7 -+ 0.15 for a scattering angle of 140". expect the algorithm to report aerosol loading and forcing in continental regions close to the main anthropogenic sources. For efficient remote sensing of aerosol optical thickness over land and for estimation of the mass cor,;entration and radiative forcing, several new remote sensing elements were developed and implemented: the use of mid-IR (2.1 and 3.8 pm) to identify surface pixels that are dark in the red and blue channels and to estimate their reflectance; the use of dynamic aerosol models to describe the aerosol size distribution and scattering phase function (in these models the aerosol parameters depend on the optical thickness); and the use of weighted averages (rather than arithmetic averages) of aerosol climatology in order to derive the aerosol parameters for specific fixed scattering angles in order to minimize errors from uncertainty in the aerosol scattering phase function. The derivation of the optical thickness over the land will use a continuous validation procedure by updating periodically the algorithm by using aerosol properties derived from the AERONET global measurements.
Substantial experience and validation was gained with the AVHRR 3.7 pm channel for identification of dense dark vegetation as the dark targets and with the Landsat TM and AVIRIS instruments for the 2.1 km channel. Comprehensive evaluation of the 2.1 pm technique is still in progress. The main remaining uncertainties that were not addressed so far are the value of the refractive index and its possible variation with the optical thickness, the single-scattering albedo, and the aerosol nonsphericity.
We hope to address them before the launch of the MODIS instrument.
The daily or twice a day (after the launch of the second EOS system in 2000) aerosol information over land and oceans (see Tam-6 et al. [this issue] for the ocean algorithm), combined with continuous detailed aerosol remote sensing of aerosol from the ground by AERONET and in situ measurements, will be used to study aerosol climatology, to monitor the sources and sinks of specific aerosol types, to study the interaction of aerosol with water vapor and clouds (both monitored by MODIS) and their radiative forcing of climate. It will also be used for atmospheric corrections of remotely sensed surface reflectance over the land [Tanr6 et al., 1992; Running et al., 1994; Vermote et al., this issue]. For scattering angles around 150" the errors associated with the derived parameters are found to be minimum. The error in the derived aerosol mass of the accumulation mode is smaller than that of the optical thickness of that mode. Radiative forcing can be derived with errors of 220% even with a large uncertainty in the particle size (0.1-3 pm). Detailed validation of the algorithm both before and after the EOS launch are planned to quantify the errors in different parts of the world and in order to continue and improve the algorithm.
